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52
Even the simplest conservation decisions may entail considerable uncertainty. The complexity of 53 ecological processes and their inherently stochastic nature ensures that the response of populations or 54 communities to particular management actions cannot be assessed in a purely mechanistic 55 framework (Williams et al., 2002) . Instead, conservation biologists turn to probabilistic approaches 56 to explore the risks associated with particular management decisions. They seek to estimate the 57 probability that an adverse event will occur in the future under a particular management scenario, 58 given a mathematical model of the system, and known or plausible sources of stochasticity 59 (Burgman et al., 1993) . In many cases, the uncertainty captured by this approach relates only to the 60 stochasticity of the modelled dynamics, but incorporating uncertainty in the model itself is also 61 important. Doing so allows the known uncertainty around the estimated risk to be considered in 62 management decisions, and highlights areas where better knowledge of the system is required to . Early incarnations were focussed on single populations, and sought to estimate the probability 69 of extinction for small populations subject to environmental, demographic and genetic stochasticity 70 (Soulé, 1987; Beissinger, 2002) . As many threatened species display some population sub-division, 71 and because habitat fragmentation is near ubiquitous as a threatening process, PVAs that incorporate optimise viability subject to budget constraints (e.g., Moilanen & Cabeza, 2002; Nicholson et al. 81 2013). In these situations, the candidate set of management options is not predefined; rather the 82 analyst is charged with identifying the combination of management actions that minimizes the 83 probability of extinction for a set budget.
85
While numerous uncertainties may influence a particular PVA, parametric uncertainty is ubiquitous 86 (Morris & Doak, 2002) , creating a demand for methods that propagate this form of uncertainty.
87
Parametric uncertainty arises from sampling variation, observer bias, and sampling error in 88 empirically derived population models, and through differences of opinion for models parameterised 89 using expert knowledge (McGowan et al., 2011) . Despite its ubiquity, accounting for parametric 90 uncertainty in PVAs has proven technically challenging and somewhat contentious (Wade, 2002) .
91
Bayesian approaches are becoming an increasingly popular means of performing PVAs as a result, 92 because they allow straightforward propagation of parametric uncertainty through to model 93 predictions (Ludwig, 1996; Wade, 2002; McCarthy, 2007) . Despite its popularity, the application of the IFM to conservation planning has been criticized.
122
Reasons range from arguments against the generality of the patch area and isolation paradigm (Pellet 123 et al., 2007) , to technical concerns including the need to assume stationarity of extinction and 124 colonisation rates when estimating the parameters of the model using occupancy data (Thomas, 125 1994). These concerns are by no means fatal to the IFM, but they do point to a need for alternative Likewise, the probability of colonisation (γ) for patch i at time t is modelled as: Case study 235 The growling grass frog (Litoria raniformis) is an endangered frog that occurs throughout south-
236
eastern Australia (Pyke, 2002 
277
(2012b) using mark-recapture data, was:
(Eq. 6).
279
Connectivity (S i,t ) was log-transformed for further analyses. 
291
Code for running the analysis is provided in Appendix S1 of the Supporting Information. Table S1 292 gives summary statistics for the posterior distributions of the parameters of the extinction and 293 colonisation functions, and Fig. S1 shows the fitted relationships. wetland. For simplicity, we assumed all wetlands were occupied at the initial time-step.
305
The dynamics of the Donnybrook metapopulation were simulated for a period of 30 years under 306 three broad scenarios. The first (referred to hereafter as 'current conditions') entailed no change in 307 wetland number or condition over this period (Fig. 1) . In the second scenario, we deleted dams in of these reserves is yet to be finalised. We trialled riparian reserves ranging from 500 m either side of 311 both creeks in the area, to 100 m either side, at 100 m increments (Fig. 1) . In the final scenario, we For each of these scenarios, we ran 500 simulations for each of the 5000 sets of parameter values.
321
For each simulation run for each set of parameter values, we recorded the minimum number of 322 occupied wetlands across the 30 year time period. The mean minimum number of occupied wetlands
323
(minocc) was calculated by averaging over the 500 simulations for each scenario and parameter set.
324
We defined the metapopulation as having gone quasi-extinct during a simulation run if fewer than 325 three wetlands were occupied at any time-step. The probability of quasi-extinction (qe) for each 326 scenario and parameter set was then simply the proportion of the 500 simulations in which quasi-327 extinction occurred. Change in the probability of quasi-extinction (qe) and mean minimum number where qe i is the probability of quasi-extinction for scenario i, qe c is the probability of quasi- 
Results
340
There was considerable uncertainty in the estimates of the minimum number of occupied wetlands
341
(minocc) for the Donnybrook metapopulation of L. raniformis given either the maintenance of 342 current conditions or the maintenance of a 500 m riparian reserve (Fig. 2) . The 95% CI for minocc 343 was ~5-21 for both scenarios. Uncertainty in this metric declined with increasing levels of urbanisation due to the reduced size of the metapopulation. Importantly, both the mean estimate and 345 upper 95% CI of minocc fell substantially between the 500 m to 400 m reserve scenarios (Fig. 2) ; a 346 result of the fact that the 400 m reserve entailed the loss of three large farm dams (see Fig. 1 ).
347
However, there was little difference between the 300 m to 100 m reserve scenarios for minocc (Fig.   348 2), as most dams lost across these scenarios were small, shallow and lacked aquatic vegetation. Mean 349 estimates suggest that the probability of quasi-extinction (qe, defined as less than three occupied 350 wetlands) would be < 0.2 for this metapopulation over 30 years under all scenarios (Fig. 2) .
351
Nevertheless, the uncertainty in these estimates was large for the 300 m to 100 m reserve scenarios;
352 the 95% CI being at least 0-0.5 in each case. Unlike the stabilisation in minocc across the narrower 353 reserves, qe increased linearly between the 400 m and 100 m reserve scenarios (Fig. 2) .
355
Change in both the minimum number of occupied wetlands (minocc) and the probability of quasi- habitat loss, the 95% CI for qe overlapped zero for all reserve scenarios (Fig. 3) . Hence, in each 362 case, there was a small chance that the probability of quasi-extinction would not change from current 363 conditions. Uncertainty in qe increased with decreasing reserve sizes, in accord with minocc ( Fig.   364 3). to wetland creation (Fig. 4) . In all cases, the mean estimates of qe were close to zero (-0.01-0.014),
374
suggesting little change in metapopulation viability from current conditions. However, there was a 
389
Here we have shown that uncertainty in the relative increase or decrease in these measures under 390 alternate management scenarios is also easily calculated using Bayesian models. This is important Of course, it is preferable to subject these sorts of decision-making processes to analyses in which to identify the strategy that minimizes the chance of breaching a particular threshold for the 415 probability of quasi-extinction (e.g., > 10%), or for the number of occupied patches (e.g., < 5). In this 416 case, the objective is not simply to identify the strategy that minimizes the risk of decline, but rather 417 to set some standard for the trajectory of the metapopulation, and identify the strategy that minimizes Figure S1 {Relationships between the probability of extinction and effective wetland area, aquatic 677 vegetation cover and connectivity, and between the probability of colonisation and connectivity} 678   Table S1 {Posteriors of the parameters of the regression models for extinction and colonisation} in Fig. 1 . A score of zero on the y-axis represents no change in qe or minocc from current conditions.
709
Points represent the mean estimates, and vertical lines represent the 95% credible intervals. 
